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A search has been performed for scalar top (stop) quark pair production in the lepton+jets

channel in ≈ 1 fb−1 of data. Kinematic differences between the exotic t̃1
¯̃t1 and the dominant tt̄

process are used to separate the two possible contributions. For stop (chargino) masses of 145–175

(105–135) GeV we obtain upper cross section limits at 95% confidence level for t̃1
¯̃t1 production

that are a factor of ≈ 7–12 higher than expected for the Minimal Supersymmetric Standard Model
(MSSM).
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I. INTRODUCTION

Supersymmetry (SUSY) establishes a superpartner for each the left and the right-handed top quark [1]. Because
of the large top quark mass the mixing between the superpartners of the left-handed and the right-handed top quark
can be substantial. This provides a large difference in the mass eigenvalues of the scalar top quark (“stop quark”)
with the lighter stop quark t̃1 possibly being the lightest scalar quark and well within reach at the Tevatron. An
interesting reason for a light stop quark derives from electroweak baryogenesis, which is excluded in the Standard
Model, but is feasible in a supersymmetric model when the stop quark is lighter than the top quark [2].

At the Tevatron stop quarks are produced mainly in diagonal pairs t̃1
¯̃t1/t̃2

¯̃t2 [3]. At lowest order in QCD the
production processes are quark-antiquark annihilation or gluon fusion. Next-to-leading order (NLO) calculations
exist and are even incorporated in tools such as Prospino, which provides NLO cross sections for supersymmetric
particles [4]. The cross section depends primarily on the stop quark mass, although there is also a weak dependence
on the gluino mass, the mixing angle and other squark masses arising from higher-order corrections. At a mass of
175 GeV, which is the approximate mass of the top quark, the cross section is 0.579 pb, about a tenth of the theoretical
cross section for tt̄ production for a top quark of the same mass, which at next-to-next-to-leading order is calculated
to be 6.77 pb [5].

In this analysis, we consider stop quark masses equal to or lighter than the top quark mass, with the chargino and
neutralino masses set close to their experimental lower limits. In this scenario the decays t̃1 → bχ̃+

1 and t̃1 → bW+χ̃0
1

shown on the left in Figure 1 can be important. In the first case, the chargino χ̃±

1 decays to a W boson and a
neutralino χ̃0

1 so that from this stage on the two decays become identical. The right plot in Figure 1 shows that this
decay can dominate over a large range of tanβ.
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Figure 1: Left: Three-body decay considered in this anaysis. Right: Branching ratio for two-body and three-body decay modes
of the lightest stop quark t̃1 as a function of tan β [6]. The stop quark mass in this plot ranges from 170 GeV at tan β=5 to
230 GeV at tan β=45.

The subsequent decay of the W boson determines the event topology just as in top quark pair production (tt̄)

events. The resulting t̃1
¯̃t1 event signature is consequently very similar to the tt̄ signature, thus making it possible

for the t̃1
¯̃t1 signal to be contained in the tt̄ event sample. For this analysis, we consider the decay channel with one

W boson decaying to hadrons and the other one to leptons. It does not play a role whether the W boson is real or
virtual, both scenarios will give the same signature. The resulting final state consists of one high-pT lepton, missing
transverse energy 6ET from the neutrino and the neutralinos, two b-jets, and two light quark jets. This will be referred
to as lepton+jets channel.

The limits on masses of supersymmetric particles from LEP can be found in Reference [7]. In the MSSM with
lowest order gaugino and sfermion mass unification at the GUT scale the limit on the lightest neutralino as the
lightest supersymmetric particle (LSP) is 47 GeV. Charginos are excluded up to masses of 103.5 GeV, depending on
the model. Stop quarks in the t̃1 → cχ̃0

1 and t̃1 → bℓ+ν̃ℓ decay channels are excluded up to masses of 100 GeV. Limits
on the stop quark mass have also been obtained at the Tevatron. In the t̃1 → bχ̃+

1 channel considered in this analysis,
CDF obtained upper limits on the stop quark production cross section in Run I for stop quark masses between 100
and 120 GeV [8]. In Run II CDF sets a mass limit in the t̃1 → cχ̃0

1 channel at 132 GeV with 295 pb−1 of data [9],
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DØ has a limit of 149 GeV for a neutralino mass of 63 GeV with 995 pb−1 in the same channel [10]. DØ also sets a
limit in the t̃1 → bℓ+ν̃ℓ channel of 186 GeV for a sneutrino mass of 71 GeV with 400 pb−1 of data [11].

II. DATA SAMPLE

The analyzed dataset comprises data collected by the DØ detector at a center-of-mass energy of 1.96 TeV between
August 2002 and December 2005. This corresponds to an integrated luminosity of 913 pb−1 for the electron+jets
channel with triggers requiring one electron with pT > 15 GeV and at least one jet with pT thresholds between 15
and 30 GeV, depending on the running period. For the muon+jets channel 871 pb−1 were collected with triggers
requiring a muon and at least one jet with pT thresholds between 20 and 35 GeV. It is the same dataset that was
used to measure the tt̄ cross section in the lepton+jets channel [12].

III. MONTE CARLO SIMULATION

The t̃1
¯̃t1 signal events in the lepton+jets topology were generated using Pythia v6.323 [13] in its general MSSM

mode. The neutralino χ̃0
1 is the LSP and the MSSM parameters are chosen as follows:

• tanβ = 20, µ = 225 GeV, MA = 800 GeV, M1 = 53 GeV, M3 = 500 GeV,

• Trilinear couplings Ab = Aτ = 200 GeV,

• Scalar lepton masses Ml̃L
= Ml̃R

= Mτ̃L
= Mτ̃R

= 200 GeV,

• Scalar quark masses Mq̃L
= Mq̃R

= Mb̃R
= Mt̃R

= 250 GeV.

For this set of SUSY parameters the branching ratio for t̃1 → χ̃+

1 b is 100% according to Pythia. The masses of the
stop quark, the lightest chargino, and the lightest neutralino are determined essentially by the top trilinear coupling
At and the gaugino masses M2 and M1, respectively. These were chosen to produce the specific mass points given in

Table I. The table also shows the corresponding cross section for t̃1
¯̃t1 production for each mass point as calculated in

Prospino. The mass difference between the chargino and the neutralino determines if the chargino will decay to a
neutralino and a real W boson or to a neutralino and a lepton with a neutrino or quarks via a virtual W boson. For
the produced mass points a real W boson is only possible for the mass point with a chargino mass of 135 GeV (and
a stop quark mass of 175 GeV).

Mass point σ
t̃1

¯̃t1
At mt̃1

M2 m
χ̃
±

1

M1 mχ̃0

1

Stop 175/135 0.579 pb 357 GeV 175 GeV 164 GeV 135 GeV 53 GeV 50 GeV
Stop 175/120 0.579 pb 357 GeV 175 GeV 144 GeV 120 GeV 53 GeV 50 GeV
Stop 175/105 0.579 pb 357 GeV 175 GeV 125 GeV 105 GeV 53 GeV 50 GeV
Stop 160/120 1.00 pb 387 GeV 160 GeV 144 GeV 120 GeV 53 GeV 50 GeV
Stop 160/105 1.00 pb 387 GeV 160 GeV 125 GeV 105 GeV 53 GeV 50 GeV
Stop 145/105 1.80 pb 414 GeV 146 GeV 125 GeV 105 GeV 53 GeV 50 GeV

Table I: Stop/Chargino mass points used in this analysis with their t̃1
¯̃t1 cross section, SUSY parameters and particle masses.

All background samples in this analysis are identical to those used in standard DØ tt̄ analyses.The tt̄ events were
produced using Pythia for a top quark mass of 175 GeV. The W+jets samples were generated using Alpgen [14]
followed by Pythia for the fragmentation and hadronization of quarks and gluons. The production also included a
jet-matching algorithm following the MLM prescription [15] to match parton showers generated by Pythia and avoid
double counting. The W+jets samples consist of the subsamples Wjj, Wcc̄,and Wbb̄, where Wjj includes the Wcj
subprocess. The Z+jets samples were generated using Alpgen in the same way as the W+jets samples described
above. Z → ee, ττ, νν decays were considered in the electron+jets channel, and Z → µµ, ττ, νν in the muon+jets
channel. Single top event samples were generated with the comphep-singletop Monte Carlo event generator [16],
which produces events whose kinematic distributions match those from NLO calculations. The top quark mass was
assumed to be 175 GeV and Pythia was used to add the underlying event and initial and final state radiation. The
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diboson samples WW , WZ, and ZZ were generated using Pythia. All samples passed through a full DØ-detector
simulation using Geant [17] and the events were reconstructed by the standard DØ reconstruction program.

IV. EVENT SELECTION

As described in Section I the lepton+jets final state of stop quark pair production and the subsequent decays is
an isolated high-pT lepton, large missing transverse energy 6ET , two b-jets, and two light quark jets. The analysis
is performed separately in two different channels, the results of which are combined in the end. The electron+jets
(e+jets) channel considers the case where the lepton is an electron, and the muon+jets (µ+jets) channel considers
the muon. The preselection selects events corresponding to the described event signature.

For the e+jets channel the requirements are:

• At least four jets with pT > 15 GeV and pseudorapidity (relative to the center of the detector) |ηdet| < 2.5

• Highest-pT jet with pT > 40 GeV

• One isolated electron with pT > 20 GeV and |ηdet| < 1.1 originating from the primary vertex

• No second electron with pT > 15 GeV and |ηdet| < 2.5, no isolated muon with pT > 15 GeV

• Good quality primary vertex with |zPV | ≤ 60 cm with at least three tracks

• 6ET > 20 GeV and ∆φ(e, 6ET ) > 0.7 · π − 0.045· 6ET

For the µ+jets channel the requirements are:

• At least four jets with pT > 15 GeV and pseudorapidity (relative to the center of the detector) |ηdet| < 2.5

• Highest-pT jet with pT > 40 GeV

• One isolated muon with pT > 20 GeV and |ηdet| < 2.0 originating from the primary vertex

• No additional muon with invariant mass 70 GeV < mµµ < 110 GeV with the selected muon (to reject (Z →
µµ) + jets events)

• No second muon with pT > 15 GeV, no electron with pT > 15 GeV

• Good quality primary vertex with |zPV | ≤ 60 cm with at least three tracks

• 6ET > 25 GeV and ∆φ(µ, 6ET ) > 2.1 − 0.035· 6ET

Since the signal event signature contains two b-jets in the final state, a neural network b-jet tagging algorithm is
used to identify the jets originating from b-quarks and we define the additional requirement:

• At least one jet tagged by the neural network b-tagging algorithm at working point “tight”

Later in the analysis it turns out to be useful to reconstruct the events to a tt̄ hypothesis using a kinematic fitter
called Hitfit, which is why we also require:

• Convergence of Hitfit

In the latter, the Hitfit algorithm fits events to a tt̄ hypothesis by minimizing a χ2 statistics within the constraints
that both W boson masses are 80.4 GeV and that the masses of the two supposed reconstructed top quarks are the
same [18]. The momenta of the detected objects are varied within their resolutions and b-tagging information is taken
into account to reduce combinatorics.

Table II shows the total preselection efficiency as well as the number of expected signal events for each signal mass

point. The total preselection efficiency is measured on t̃1
¯̃t1 events with respect to t̃1

¯̃t1 → bb̄χ̃0
1χ̃

0
1ℓνℓqq̄

′, where ℓ can be
an electron or muon from the decay of a W boson (or chargino), including the case where the W boson (or chargino)
decays to a τ lepton first. Trigger efficiencies are included as well as corrections to agree with efficiencies measured
using collider data.
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Sample e+jets µ+jets
Efficiency Expected Events Efficiency Expected Events

Stop 175/135 4.43 ± 0.10 4.0 ± 0.1 3.57 ± 0.08 3.1 ± 0.1
Stop 175/120 3.72 ± 0.10 3.1 ± 0.1 2.90 ± 0.09 2.3 ± 0.1
Stop 175/105 3.20 ± 0.10 2.8 ± 0.1 2.44 ± 0.09 2.0 ± 0.1
Stop 160/120 2.51 ± 0.08 3.6 ± 0.1 1.78 ± 0.06 2.4 ± 0.1
Stop 160/105 2.52 ± 0.08 3.8 ± 0.1 1.89 ± 0.06 2.7 ± 0.1
Stop 145/105 1.64 ± 0.06 4.5 ± 0.2 1.16 ± 0.05 3.0 ± 0.1

Table II: Preselection efficiencies in percent and expected number of t̃1
¯̃t1 signal events for a dataset of 913 pb−1 in the e+jets

channel and 871 pb−1 in the µ+jets channel for all signal mass points. Only statistical uncertainties are included.

V. BACKGROUND ESTIMATION

The background sources in this analysis are identical to the ones in tt̄ lepton+jets analyses, tt̄ itself being the dom-
inant one. They can be subdivided into two components, the instrumental background and the physics background.

The instrumental background is strong multijet production, where 6ET is created by mismeasurements and an
electron may be faked by an electromagnetic jet or by a photon that converts in the detector material. A muon can
arise from a semi-leptonic b-decay. The multijet background is estimated using collider data by exploiting the fact
that it contains fake leptons, whereas the signal and physics background processes have a real isolated lepton. Details
about the method are described in Reference [12].

The physics background consists of various physics processes, which can all result in the same final state as the
signal, namely tt̄ production, W+jets production, Z+jets production, single top production, and diboson production.
The latter three are minor background sources and are estimated using their theoretical cross section. The procedure

to separate t̃1
¯̃t1 events from tt̄ events is described in Section VI.

The W+jets background is estimated using data before b-tagging by subtracting the multijet background and all
other background sources as determined by their theoretical cross section, including the tt̄ background, from the data.
The W+jets contribution is then scaled by a normalization factor αW to fill in the rest. The heavy flavor samples
get a higher relative contribution by the factor of kHF = 1.17 ± 0.18 [21]:

NW+jets = NWjj + NWcc̄ + NWbb̄ (1)

= αW · (N̂Wjj + kHF N̂Wcc̄ + kHF N̂Wbb̄) (2)

= Ndata − Nmultijet − Ntt̄ − NZ+jets − Nsingletop − Ndiboson, (3)

where N̂Wxx is the number of W+jets events before being normalized and NWxx after. Using (2) and (3) before
b-tagging, αW is determined separately for each jet bin. The result is shown together with the event yields before
b-tagging in Table III. After b-tagging and convergence of Hitfit this αW is then applied in (2) to obtain the yields
in (1). When normalizing the W+jets background by this procedure, no signal contribution is assumed. The yields
after b-tagging are shown in Table IV. Alongside the yields in the four jet multiplicity bins another column with the
yields in the fourth jet bin after the convergence of the kinematic fitter Hitfit is shown. Control plots showing the
data-MC agreement can be found in Appendix A.

VI. SIGNAL EXTRACTION

A. Likelihood Discriminant

Because of the similarity of the t̃1
¯̃t1 and tt̄ final states a multivariate technique is employed. We therefore study the

kinematic differences between t̃1
¯̃t1 and tt̄ events and combine them into a likelihood discriminant for signal-background

separation. For each stop quark mass point an optimal set of variables is chosen based on their discrimination power
and correlation.

By comparing the value xi of a variable in a given event to the distribution of that variable in the t̃1
¯̃t1 signal and

in the tt̄ background, a probability to be signal Psig(xi) and a probability to be background Pbg(xi) can be assigned
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Sample e+jets µ+jets
=1 jet =2 jets =3 jets ≥4 jets =1 jet =2 jets =3 jets ≥4 jets

αW 1.42 1.46 1.32 0.86 1.48 1.60 1.62 1.25
Ntt̄ 11.6 71.5 131.9 170.0 7.1 48.3 95.7 137.1
NWbb̄ 248.3 226.1 84.2 22.2 190.1 204.7 84.7 28.0
NWcc̄ 764.6 630.4 211.4 45.5 610.8 548.8 219.8 57.2
NWjj 11702.8 4974.1 1102.4 211.4 9754.8 4456.9 1143.1 263.7
NZ+jets 238.2 277.2 120.9 50.0 847.6 446.1 160.7 63.2
Nsingletop 13.2 39.0 17.5 6.2 9.4 30.0 13.7 4.8
Ndiboson 95.0 201.0 65.7 18.1 71.1 169.1 55.1 15.3
Nmultijet 506.4 754.8 375.0 139.6 114.2 148.0 65.4 24.6
NSUM 13580 7174 2109 663 11605 6052 1838 594
Ndata 13580 7174 2109 663 11605 6052 1838 594

Table III: W+jets normalization factor αW and background and data yields before b-tagging for events with =1,=2,=3, and
≥4 jets.

Sample e+jets µ+jets
=1 jet =2 jets =3 jets ≥4 jets Hitfit =1 jet =2 jets =3 jets ≥4 jets Hitfit

αW 1.42 1.46 1.32 0.86 0.86 1.48 1.60 1.62 1.25 1.25
Ntt̄ 4.9 39.3 77.6 108.3 103.0 3.1 27.8 58.5 89.8 84.2
NWbb̄ 70.6 86.0 35.4 9.1 8.5 56.5 79.8 36.1 12.2 11.1
NWcc̄ 39.5 46.8 20.1 5.0 4.8 27.2 39.6 22.2 6.9 6.5
NWjj 124.5 59.0 13.2 4.0 3.8 89.0 51.3 19.3 4.4 4.0
NZ+jets 2.9 7.5 5.2 3.0 2.8 14.3 14.8 6.9 3.9 3.3
Nsingletop 5.1 19.3 9.3 3.6 3.1 3.7 15.2 7.5 2.9 2.5
Ndiboson 3.1 11.6 4.2 1.4 1.4 2.8 10.2 3.8 1.4 1.2
Nmultijet 16.2 41.1 22.3 11.1 10.7 6.6 12.0 3.0 2.9 3.2
NSUM 266.8 310.7 187.2 145.6 138.1 203.1 250.7 157.5 124.3 116.0
Ndata 255 329 193 145 133 189 265 163 146 135

Table IV: W+jets normalization factor αW and background and data yields after b-tagging for events with =1,=2,=3, and ≥4
jets and events with ≥4 jets for which the kinematic fitter Hitfit converged.

to the event. Assuming no correlations at all, the individual probabilities for each variable can be multiplied to give
an overall probability for the event:

Psig/bg(x) =
∏

i

Psig/bg(xi), (4)

where x = (x1, x2, ...) is the collection of all variable values in this event. These probabilities are then used to build
the likelihood discriminant L(x):

L(x) =
Psig(x)

Psig(x) + Pbg(x)
. (5)

For signal-like events L(x) tends toward 1, whereas for background-like events it tends to 0. Full samples are used to
build the templates and the likelihood discriminant for each sample to minimize the statistical uncertainty.

Depending on the stop quark mass point a subset of the following eleven variables was used. The term “leading
jet” refers to the highest-pT jet in the event:

• The pT of the leading b-tagged jet pT (b−jet) differs in t̃1
¯̃t1 and tt̄ events because of the different masses of

the W -boson that the top quark decays to and the chargino, that the stop quark decays to. Since the chargino
is heavier, it leaves less phase space for the b-quark and the b-jet spectrum is lower.

• The W transverse mass MT (W ) is reconstructed by using the kinematic information of the lepton and 6ET in
the event. Most stop quark mass points do not have a real W -boson present and thus this quantity reconstructs
to a lower mass.
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• KTmin = ∆Rmin
jj Emin

T provides a measure of the minimum jet pT relative to another. Only the four highest-pT

jets are considered in the definition. ∆Rmin
jj is the minimum ∆R distance between a pair of jets and Emin

T is the

transverse energy of the lesser jet of that pair. For mass points where the t̃1
¯̃t1 events have a virtual W boson,

the quarks originating from that virtual W boson have lower pT compared to quarks from a real W boson and
the ∆R distance between them is small.

For the definition of the following quantities all jets except the leading b-tagged jet are ordered by pT . The three
highest-pT ones are denoted “leading other jet”, jet 3 and jet 4.

• The invariant mass of the system of jet 3 and jet 4 m(j, j). In the case of tt̄ events these two jets are

often the light jets in the event and this quantity reproduces the hadronic W -boson mass. For t̃1
¯̃t1 events it

reconstructs a lower mass even for the mass point with a real W -boson.

• The distance in η−ϕ space ∆R between the leading b-tagged jet and the leading other jet ∆R(b, lead).
This and the following variable are derived from the ∆R between the W -boson and the b-quark from the same

top or stop quark, which in t̃1
¯̃t1 events is much smaller than in tt̄ events.

• ∆R between the lepton and the leading b-tagged jet ∆R(lep, b) shows the same kind of separation as the
last variable.

The last variables are provided by the kinematic fitter Hitfit, which reconstructs events to a tt̄ hypothesis as described
in Section IV. Because it cannot take the neutralinos in to account, Hitfit fails to reconstruct stop quark events
correctly, which is evident when comparing the Hitfit results with the Monte Carlo truth distributions. But that
fact is unimportant, since it still converges on a large fraction of the signal events and is used to identify and separate

the tt̄ background from the t̃1
¯̃t1 signal:

• The top mass as reconstructed by Hitfit m
hf
t gives a lower mass for t̃1

¯̃t1 events, not only because the stop
quark mass is often lower, but also because energy is carried away by the neutralinos, which are not considered
in this reconstruction.

• The quantity cos θ∗(b, b)hf is reconstructed using the b-jets and their kinematics as determined by Hitfit. θ∗

is the angle of the b-jet from the hadronic top or stop quark to the beam axis in the center of mass system of
the two b-jets. It is a good approximation of cos θ∗(t, t), where t are the top quarks or the stop quarks, whose
separation is a direct consequence of the different spins. The preselection washes out the separation and Hitfit

is not meant to reconstruct stop quark events, which is why this variable is used instead.

• The invariant mass between the b-jets mhf (b, b) is reconstructed using the assignments and kinematics by
Hitfit.

• As mentioned before the ∆R between the correct pair of W -boson and b-quark gives good separation. In Hitfit

the assignment is not always correct in t̃1
¯̃t1 events, which is why for some mass points ∆R between the correct

Hitfit pair of hadronic W -boson and b-jet ∆R(W, b)hf
corr gives better separation,

• but for other mass points the ∆R between the wrong Hitfit pair of hadronic W -boson and b-jet
∆R(W, b)hf

wrong gives better separation.

Table V summarizes which variables are used for which mass point. As an example, the top mass as reconstructed

by Hitfit in the µ+jets channel is shown in Figure 2. On the left is a comparison of the distribution in the t̃1
¯̃t1

signal for the mass point 175/135 to the tt̄ and W+jets background samples, on the right the data-MC agreement
of this variable without any signal contribution in the signal jet bin of ≥ 4 jets after b-tagging and convergence of
Hitfit. Figure 3 shows the resulting likelihood discriminant for the mass point 175/135 as a comparison between tt̄
and signal as well as a comparison between the prediction and the data. Plots of the likelihood discriminant and all
the input variables for the mass point 175/135 for both the e+jets and µ+jets channel can be found in Appendix B.
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mt̃1
m

χ̃
±

1

Variables in Likelihood Discriminant

175 GeV 135 GeV pT (b-jet), ∆R(b, lead), m
hf
t , cos θ∗(b, b)hf

175 GeV 120 GeV pT (b-jet), m(j, j), m
hf
t , ∆R(W,b)hf

wrong

175 GeV 105 GeV MT (W ), m(j, j), KTmin, m
hf
t , mhf (b, b)

160 GeV 120 GeV pT (b-jet), m(j, j), m
hf
t , ∆R(W,b)hf

corr

160 GeV 105 GeV pT (b-jet), MT (W ), m(j, j), ∆R(lep, b), m
hf
t

145 GeV 105 GeV pT (b-jet), MT (W ), m(j, j), ∆R(lep, b), m
hf
t

Table V: Variables used in the likelihood discriminant for the different stop quark mass points.
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Figure 2: Top mass as reconstructed by Hitfit in the µ+jets channel. In the data-MC comparison on the right the distribution
for the 175/135 mass point is overlaid ten times enhanced.
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Figure 3: Likelihood discriminant for the 175/135 mass point in the µ+jets channel. In the data-MC comparison on the right
the distribution for the 175/135 mass point is overlaid ten times enhanced.

B. Limit Setting Procedure

We use a Bayesian approach to extract limits from the likelihood discriminant distributions [19]. Under the as-
sumption of a Poisson distribution for observed counts a binned probability function is formed. It is a product over
all bins of the likelihood discriminant distribution and can be extended to combine the e+jets and µ+jets channels.
For the signal cross section we assume a flat nonnegative prior probability. By integrating over the signal accep-
tances, background yields and integrated luminosity with Gaussian priors for each systematic uncertainty we obtain
the posterior probability density as a function of the signal cross section. The limit at 95% confidence level is the
point where the integral over the posterior probability density reaches 95% of its total. A measurement of the cross
section is given by the maximum of the posterior probability density. In addition, the posterior probability can also
be calculated as a function of two signal cross sections, so that a limit without the assumption of the tt̄ theoretical
cross section can be extracted with a simultaneous measurement of the tt̄ cross section. The latter method is used as
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a cross-check.

The expected results are derived on the sum of all preselected background Monte Carlo samples without a t̃1
¯̃t1

contribution, but including the tt̄ contribution according to its theoretical value. They are shown in Table VI for the
standard method, which assumes a tt̄ cross section of 6.77 pb, and in Table VII for the cross-check method.

Sample e+jets µ+jets combined
Stop 175/135 4.36 pb 5.36 pb 3.28 pb
Stop 175/120 6.36 pb 7.72 pb 4.97 pb
Stop 175/105 6.85 pb 7.55 pb 5.16 pb
Stop 160/120 6.79 pb 9.10 pb 5.42 pb
Stop 160/105 6.89 pb 10.26 pb 5.63 pb
Stop 145/105 9.30 pb 11.84 pb 7.27 pb

Table VI: Expected Bayesian limits at 95% confidence level on the t̃1
¯̃t1 cross section with systematic uncertainties.

Sample t̃1
¯̃t1 limit tt̄ cross section

e+jets µ+jets combined e+jets µ+jets combined

Stop 175/135 4.48 pb 5.56 pb 3.27 pb 6.41+1.42
−1.20 pb 6.55+1.63

−1.34 pb 6.56+1.17
−1.05 pb

Stop 175/120 6.70 pb 8.20 pb 5.21 pb 6.16+1.43
−1.25 pb 6.20+1.64

−1.37 pb 6.34+1.19
−1.06 pb

Stop 175/105 7.45 pb 7.96 pb 5.42 pb 6.12+1.46
−1.25 pb 6.16+1.66

−1.35 pb 6.30+1.19
−1.05 pb

Stop 160/120 6.89 pb 9.38 pb 5.50 pb 6.50+1.39
−1.24 pb 6.38+1.68

−1.35 pb 6.56+1.19
−1.04 pb

Stop 160/105 7.10 pb 10.79 pb 5.80 pb 6.31+1.42
−1.21 pb 6.32+1.75

−1.40 pb 6.45+1.21
−1.05 pb

Stop 145/105 9.42 pb 12.19 pb 7.36 pb 6.50+1.39
−1.22 pb 6.52+1.69

−1.34 pb 6.64+1.15
−1.03 pb

Table VII: Expected Bayesian limits at 95% confidence level on the t̃1
¯̃t1 cross section and expected tt̄ cross section with

systematic uncertainties obtained with the cross-check method.
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Figure 4: Expected posterior probabilities for the 175/135 mass point for e+jets and µ+jets channel combined. Left: as a

function of the t̃1
¯̃t1 cross section obtained with the standard method, middle: as a function of the t̃1

¯̃t1 cross section obtained
with the cross-check method, right: as a function of the tt̄ cross section obtained with the cross-check method.

VII. SYSTEMATIC UNCERTAINTIES

There are two ways in which systematic uncertainties can enter the limit, one is by changing the expected event yield
and the other by changing the shape of the likelihood discriminant distribution in addition. Table VIII summarizes
the systematic uncertainties that only affect the yields. The uncertainties on the jet energy, the W+heavy flavor
fraction in the W+jets background model and the modeling of the b-tagging also change the shape of the likelihood
discriminant distribution.
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Source e+jets µ+jets
Luminosity [20] 6.1% 6.1%
Monte Carlo Cross Section tt̄ 18.0% 18.0%
Monte Carlo Cross Section single top 12.6% 12.6%
Monte Carlo Cross Section Z+jets 15.0% 15.0%
Monte Carlo Cross Section diboson 6.8% 6.8%
Top Quark Mass 4.9% 4.2%
Multijet Background Estimation 21.1% 54.2%
W+jets Background Normalization 70.3% 30.1%
Primary Vertex 2.0% 2.0%
Lepton 5.5% 7.4%
Trigger 1.2% 2.7%

Table VIII: Summary of systematic uncertainties affecting the yield and ±1σ variation taken to determine their effect.

VIII. RESULT

Table IX shows the measured limits at 95% confidence level for all mass points and in all channels and compares
them to the theoretical cross sections. The result is also illustrated in Figure 5. Table X and Figure 6 show the same
for the cross-check method, which gives consistent results. At this point we cannot exclude any of the stop masses, all
observed limits are a factor of ≈7-12 above the theoretical predictions. In particular there is a fluctuation to higher
values in the µ+jets channel, because there are more observed than expected events and the distributions in data
and Monte Carlo do not agree as well as in the e+jets channel. One exception is the mass point 175/105, which is
the only mass point that does not use the pT of the leading b-tagged jet as input in its likelihood discriminant. This
variable has a poorer data-MC agreement than other variables, but provides very good separation for almost all the
mass points.

Sample theoretical e+jets µ+jets combined
Stop 175/135 0.579 pb 5.11 pb 10.20 pb 5.57 pb
Stop 175/120 0.579 pb 6.11 pb 12.41 pb 6.58 pb
Stop 175/105 0.579 pb 6.10 pb 9.28 pb 5.55 pb
Stop 160/120 1.00 pb 6.49 pb 15.79 pb 7.45 pb
Stop 160/105 1.00 pb 7.78 pb 20.75 pb 9.71 pb
Stop 145/105 1.80 pb 10.60 pb 24.21 pb 12.32 pb

Table IX: Observed Bayesian limits at 95% confidence level on the t̃1
¯̃t1 cross section with systematic uncertainties.
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Figure 5: Observed and expected Bayesian limits at 95% confidence level on the t̃1
¯̃t1 cross section and theoretical cross section

for t̃1
¯̃t1 at each mass point.
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Sample theoretical t̃1
¯̃t1 limit tt̄ cross section

σ
t̃1

¯̃t1
e+jets µ+jets combined e+jets µ+jets combined

Stop 175/135 0.579 pb 5.29 pb 10.72 pb 5.59 pb 5.84+1.40
−1.17 pb 6.96+1.83

−1.47 pb 6.36+1.23
−1.04 pb

Stop 175/120 0.579 pb 6.57 pb 12.80 pb 6.90 pb 5.93+1.36
−1.18 pb 6.68+1.84

−1.55 pb 6.45+1.22
−1.09 pb

Stop 175/105 0.579 pb 6.69 pb 9.46 pb 5.64 pb 5.82+1.34
−1.15 pb 6.92+1.92

−1.48 pb 6.14+1.16
−1.02 pb

Stop 160/120 1.00 pb 6.63 pb 16.22 pb 7.64 pb 6.12+1.34
−1.18 pb 6.75+1.80

−1.49 pb 6.51+1.20
−1.03 pb

Stop 160/105 1.00 pb 8.06 pb 21.96 pb 9.98 pb 5.75+1.31
−1.13 pb 5.99+1.81

−1.48 pb 6.01+1.16
−0.97 pb

Stop 145/105 1.80 pb 10.81 pb 24.37 pb 12.56 pb 5.98+1.34
−1.16 pb 6.74+1.78

−1.46 pb 6.46+1.20
−1.01 pb

Table X: Observed Bayesian limits at 95% confidence level on the t̃1
¯̃t1 cross section and measured tt̄ cross section with systematic

uncertainties obtained with the cross-check method.
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Figure 6: Top: Observed and expected Bayesian limits at 95% confidence level on the t̃1
¯̃t1 cross section and theoretical cross

section for t̃1
¯̃t1 at each mass point obtained with the cross-check method. Bottom: Observed, expected and theoretical cross

section for tt̄.
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Appendix A: Control Plots

This appendix shows the data-MC agreement for selected control variables: pT of the highest-pT jet (leading jet),
lepton pT and missing transverse energy 6ET . The variables are shown before and after b-tagging for events with four
or more jets in both channels. The signal contribution is not included in the Monte Carlo distributions, but as an
example the corresponding histograms for the 175/135 mass point are overlaid ten times enhanced.
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Figure 7: Data-MC agreement for ≥4 jets before b-tagging. Top: e+jets channel, bottom: µ+jets channel.
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Figure 8: Data-MC agreement for ≥4 jets after b-tagging. Top: e+jets channel, bottom: µ+jets channel.
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Appendix B: Likelihood Discriminant

In this appendix the likelihood discriminant for the Stop 175/135 mass point as well as the four input variables
are shown. They appear both as comparison between the signal, the tt̄ background and the W+jets samples and
as data-MC comparisons. The data-MC comparison plots are shown in the signal bin with four or more jets after
b-tagging and after Hitfit convergence. The signal contribution is not included in the Monte Carlo distributions,
but as an example the corresponding histograms for the 175/135 mass point are overlaid ten times enhanced.
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Figure 9: Likelihood discriminant for the Stop 175/135 mass point. In the data-MC comparison on the right the distribution
for the 175/135 mass point is overlaid ten times enhanced. Top: e+jets channel, bottom: µ+jets channel.
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Figure 10: Input variables for the Stop 175/135 mass point in the e+jets channel. In the data-MC comparison on the right the
distribution for the 175/135 mass point is overlaid ten times enhanced.
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Figure 11: Input variables for the Stop 175/135 mass point in the µ+jets channel. In the data-MC comparison on the right
the distribution for the 175/135 mass point is overlaid ten times enhanced.


